Abstract Superheater is for generating superheated steam from the saturated steam from the evaporator outlet. In the case of pulverized coal fired boiler, a relatively small amount of ash causes problems with ash fouling on the heating surfaces, including the superheaters. In the convection pass of the boiler, the flue gas temperature is lower and ash deposits can be loose or sintered. Ash fouling not only reduces heat transfer from the flue gas to the steam, but also is the cause of a higher pressure drop on the flue gas flow path. In the case the pressure drop is greater than the power consumed by the fan increases. If the superheater surfaces are covered with ash than the steam temperature at the outlet of the superheater stages falls, and the flow rates of the water injected into attemperator should be reduced. There is also an increase in flue gas temperature after the different stages of the superheater. Consequently, this leads to a reduction in boiler efficiency. The paper presents the results of computational fluid dynamics simulations of the first stage superheater of both the boiler OP-210M using the commercial software. The temperature distributions of the steam and flue gas along the way they flow together with temperature of the tube walls and temperature of the ash deposits will be determined. The calculated steam temperature is compared with measurement results. Knowledge of these temperatures is of great practical importance because it allows to choose the grade of steel for a given superheater stage. Using the developed model of the superheater to determine its degree of ash fouling in the on-line mode one can control the activation frequency of steam sootblowers.
Introduction
Superheaters are tubular cross-flow heat exchangers prone to ash fouling [1, 2] . However, they differ substantially from other heat exchangers operating in moderate temperatures. Their characteristic features are the complicated flow arrangement and the high temperature of steam and flue gases ( Fig. 1) . Because the specific heat of the water steam strongly depends on pressure and temperature, conventional method for heat exchanger calculations, such as the number of transfer units (NTU) method or the method based on the mean logarithmic temperature difference between the fluids, are not appropriate for superheaters [3] [4] [5] . It is very difficult to design the boiler superheater correctly. This results, on one hand, from the complexity of the radiation heat transfer in the case of flue gases with a high content of solid ash particles, and on the other hand -from the fouling of heating surfaces by slag and ash [6] [7] [8] [9] . Slag and ash deposition processes are hard to evaluate, at the design phase as well as during the boiler operation. For that reason, the proper size of superheaters is adjusted only after the boiler operation starts. If the temperature of superheated steam at the analyzed superheater stage outlet is higher than the design value, the surface area of this stage has to be decreased. Similarly, if the steam outlet temperature is below the desired value, the surface area is increased.
About 40% of all boiler failures are caused by damage to steam superheaters due to the overheating of the material [10] . For this reason, steam superheaters are modelled mathematically or monitored to avoid overheating of tubes.
The paper presents the results of computational fluid dynamics (CFD) simulations of the first stage superheater of the boiler OP-210M using commercial high-performance general purpose fluid dynamics software.
2 Mass, momentum and energy conservation equations and the model of turbulence
The basis for the modeling of thermal and flow processes are the equations of mass, momentum and energy conservation of the following form [11] :
• mass conservation equation
• momentum conservation equation
• energy conservation equation
where: S M -momentum source unit power, kg/(m 2 s 2 ), and S E -continuous energy source unit power, kg/(m s 3 ).
The stress tensor τ , being the function of the strain rate, is defined as [11] :
where δ is the unit matrix, and T denotes the transpose.
The turbulent flow of flue gases and steam in the superheater tubes was simulated by means of the k-ε turbulence model [12] , focused on mechanisms that have an impact on the turbulence kinetic energy. It is a twodimensional model introducing two additional equations: the turbulence kinetic energy, k, equation and the kinetic energy dissipation rate ε.
The following can be written for the turbulence kinetic energy and its dissipation:
where: u i -component of velocity in the relevant direction, E ij -strain rate component, µ t -turbulence dynamic viscosity coefficient
The coefficients in Eqs. (5) - (7) were found empirically and are [13] : σ k = 1.0, σ ε = 1.3, C 1ε = 1.44, C 2ε = 1.92, C µ = 0.09, respectively.
Example of CFD modeling of a convective steam superheater
The CFD simulation was performed for the first stage superheater in the OP-210M boiler using software package ANSYS-CFX, [11] . The first stage of the convective superheater is a mixed-cross-flow heat exchanger with twelve passes [14] . The tubes are arranged in-line. The steam flows through two parallel tubes that create one pass. In the entire superheater steam flows parallel through 148 tubes. The location of the first stage superheater in the boiler is presented in Fig. 1 and the superheater diagram -in Fig. 2 . The first stage superheater is made of tubes with an outer diameter d z = 42 mm and the wall thickness g = 5 mm. The tube material is the Russian steel 20, for which the thermal conductivity coefficient, λ st , was approximated with the following formula:
Formula (8) was determined based on experimental data using the Table- Curve program, [15] .
Modeled element of the superheater
Numerical calculations were carried out for a repeatable element of the first stage superheater made of one row of the superheater tubes with real dimensions (Fig. 3) . A layer of ash deposits with an identical thickness δ a = 1.8 mm and the same thermal conductivity coefficient λ a = 0.18 W/m K was assumed on the outer surface of each tube in the row. The flue gas temperature at the superheater inlet was T g,in = 1044.65 K.
The mass flow rate of the flue gas in the entire superheater wasṁ g = 64.5 kg/s, which gives a ∆ṁ g = 0.871 kg/s mass flow rate of flue gase flowing into the repeatable element of the superheater composed of a single tube row. The flue gas was modeled as a mixture of the following components: 
Calculation results
The results of CFD calculations are presented below. Based on the CFD analysis, the steam temperature at the superheater outlet, the flue gas temperature distribution after the superheater and the maximum temperature of the tube wall are determined. The knowledge of these quantities is necessary to design the superheater correctly. Figure 5 presents the flue gas temperature distribution after the first stage superheater. It can be seen that in the area of the superheater tubes the flue gas temperature falls the most. In the vicinity of the flue gas duct walls, the temperature of flue gas is much higher. The flue gas mean temperature at the outlet of the repeatable element of the first stage superheater for which the calculations were made isT g,out = 881.65 K. Figure 6 presents the flue gas temperature distribution in the crosssection in the axis of a single tube row of the first stage superheater (in the centre of the repeatable superheater fragment). It can be seen clearly how the flue gas temperature gets lower as they flow through the superheater. In the superheater tube area, the flue gas-to-steam heat transfer occurs. Figure 7 presents the flue gas temperature distribution in the cross-section made transversely to the flow direction. The cross-section goes through the centre of the outlet height of the flue gas duct (of the repeatable superheater element). Figure 7 illustrates changes in the flue gas temperature flowing past subsequent tubes of the superheater. It can be seen that the flue gas temperature is much lower close to the tubes, compared to areas more distant from them. Figure 8 presents the superheated steam temperature distribution at the first stage superheater outlet. It can be seen that a steam boundary layer is formed at a temperature higher than the temperature of steam farther away from the tube wall. The mean temperature of steam at the first stage superheater outlet isT s,out = 656.15 K. Figure 9 illustrates changes in the superheater tube wall temperature along the steam flow path. It can be seen that the wall temperature is the lowest at the location where steam flows into the superheater. It then increases gradually to reach highest values in the superheater steam outlet area, i.e. in the area of the highest temperature of flue gas. The maximum temperature of the first tube wall is T w1,max = 675.15 K, whereas the second tube wall maximum temperature amounts to T w1,max = 669.45 K. The knowledge of these temperatures is extremely essential because it allows for the correct selection of the material for the superheater tubes at the design stage. In order to check whether the heat flow transferred from the flue gas to the steam at the analyzed repeatable fragment of the first stage superheater is the same, the heat flux passed from the flue gas and absorbed by the steam was determined. In this way, the correctness of the CFD simulation has been checked. The heat rate values are:Q g = 176.0 kW anḋ Q s = 178.2 kW for the flue gas side and the steam side, respectively. As it can be seen, the difference between the values is slight, which makes it possible to state that the energy balance was maintained.
In order to investigate the impact of the mesh density on the computation accuracy, calculations were also performed for a model with a denser mesh. As in the previous case, the CFD simulation was carried out for the selected repeatable fragment of the superheater. The computational model consisted of 8490342 elements. The calculations gave the following results:
• the mean temperature of flue gase at the outlet from the repeatable element of the superheater:T g,out = 880.95 K
• the mean temperature of steam at the first stage superheater outlet: T s,out = 656.75 K
• the maximum temperature of the first tube wall: T w1,max = 675.75 K
• the maximum temperature of the second tube wall: T w2,max = 669.75 K.
It can be seen that the calculations performed for the two models gave very similar results, which proves that the mesh was selected correctly. CFD simulation was also conducted for the clean superheater without ash deposits. The steam temperature at the exit of the superheater is about 60 K higher than that for the fouled superheater. This temperature increase in steam temperature was confirmed by calculations which were conducted using a numerical model of the superheater presented in [14] and also by boiler measurements. The flue gas temperature after each row of tubes is lower for the clean superheater, and the tube wall temperatures are higher.
Conclusions
The calculations were performed on a model with real dimensions, taking account of the ash deposit layer on the outer surfaces of the first stage superheater tubes. The modelling of the thermal and flow processes in a repeatable fragment of the first stage superheater using the commercial program allowed determination of the local and mean values of:
• flue gas temperature after the first stage superheater,
• steam temperature at the superheater outlet,
• temperatures of the tube walls.
Additionally, the maximum values of temperatures were found for the superheater tube walls. The knowledge of the quantities mentioned above is essential because it makes it possible to design the superheater correctly.
